The usage of composite materials on new design structures is still very conservative, mainly due to its very complex failure behavior. Therefore, the prediction of these mechanisms requires computational analysis. Thus, a damage model based on CDM concepts is applied in order to predict intra-ply failure mechanisms in impacted carbon-epoxy laminate structures. The damage model was implemented as VUMAT (User Material Subroutine for explicit integration analyses) and linked to ABAQUS™. Several numerical analyses were performed, and the results were compared to experimental tests in order to evaluate the potentialities and limitations of the damage model application.
INTRODUCTION
In the last decades, fiber reinforced polymer (FRP) composite materials have aroused great interest within the aircraft and aerospace industry where the design of structures requires optimal stiffness/weight and strength/weight ratio. Composite materials enable the reduction of the structural weight of aircrafts, increasing payload and aircraft range. In spite of the designers' efforts to use composites within the aircraft industry, the application of those materials on civil aircraft structures is still limited due to the certification process and prediction of behavior in service life [1] . Regarding the aircraft life cycle, composite structures are subjected to different impact loads such as airplane ground contact, debris launched from the take-off lane, bird strike, hail and tools that falls during the service and maintenance phase. Based on the investigated literature, composite structures are more susceptible to the impact damage than that similar th Brazilian Conference on Composite Materials. Rio de Janeiro, July 22 nd -25 th , 2018 2 metallic ones. In addition, the dynamic behavior of composite laminates is more complex, considering their anisotropy and heterogeneity which many failure mechanisms occur simultaneously and randomly. The combination of fiber rupture, delamination, matrix fracture, inelastic deformations due to the contact forces and high displacement values can produce catastrophic failure of the structure.
Continuous Damage Mechanics (CDM) is one good approach to formulate intra and interlaminar damage models. This can be confirmed by a list of published works: Abrate [2] ; Maio, L. et al. [3] ; Zhang et al. [4] ; Camanho et al. [5] , Shi et al. [6] ; Kim et al. [7] , Puck & Shurmann [8] ; Feng and Aymerich [9] ; Ferreira et al. [10] .
Thus, considering the presented scenario, this manuscript shows an application of a new damage model to predict intralaminar failure mechanisms in impacted carbon-epoxy laminate structures. The damage model was implemented as VUMAT (User Material Subroutine for explicit simulations) and linked to ABAQUS TM . After that, several numerical analyses were performed, and the results were compared to experimental tests in order to evaluate the potentialities and limitations of the damage model application.
DAMAGE MODEL: MATHEMATICAL FORMULATION
The proposed material model is based mainly on the models developed by Ribeiro [11] and Ladevèze & Le Dantec [12] . Based on CDM concepts, it considers the behavior of fiber and matrix in a meso-mechanical scale (for a homogenized ply) in a plane stress state. Fiber failure under tension and compression, as well as matrix failure under tension, compression and shear are considered in the formulation. Thus, the present model can predict only intralaminar failure, but cannot delamination. Moreover, it was assumed the hypothesis that the failure modes are independents. In this way, matrix failure does not contribute directly to the fiber failure and vice versa. Nevertheless, after failure identification, degradation process of the properties for the failure plies will happen, affecting matrix damage evolution in fiber damage and vice versa. This can be explained through the constitutive matrix modified by damage variables shown by Equation 1. 
The behavior of carbon/epoxy laminate under tensile load 11 was considered elastic linear and brittle. According to this characteristic, there is not yielding phenomenon, and failure occurs abruptly. Thus, this behavior can be simulated by using the Maximum Stress Criterion, and the internal variable damage d1 (related to the degradation in this direction) is considered equal to value "1", when the failure is detected; so it is assumed the complete damage of the reinforcements.
However, in order to model fiber behavior under compression, a linear behavior until a specific value XC0 was assumed. When 11
, a non-linear elastic behavior was considered. Thus, elastic modulus from XC0 is not represented by 0 
11
E (initial elastic modulus), but by secant modulus 11 E . Linear tensile, compression and shear limits were considered to simulate the matrix behavior. Those limits were taken from 90º and [+45º/-45º] tests. Based on those results, it was possible to propose a damage surface for the matrix (Figure 1 ), considering transversal ( 22 ) and shear stresses ( 12 ). (1 ) 
The proposed material model is presented in Table 1 and is modified from Ribeiro's [11] , since it does not use degradation law as a function of fiber orientation angle. Although it is similar to the model presented by Ladevèze & Le Dantec [12] , it differs totally in fiber and matrix compression behaviors. (1 )
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IMPACT TESTS: EXPERIMENTAL AND COMPUTATIONAL ANALYSES
Impact tests on 120 mm composite square plates made of prepreg M10 were carried out by Tita et al. [14] . Considering FD (Falling Dart) method [15] , the impactor had a hemispheric shape ( Figure 1 ) and is made of aluminum which is added to the frame mass and the load cell. Thus, the total impact mass is around 1 The clamping steel discs and the screws were modeled by full integration eight nodes linear hexahedral solids (C3D8) and reduced integration solid (C3D8R), respectively ( Figure 2 ). The composite plate was modeled by full integration shell elements (S4). Moreover, four nodes quadrilateral rigid bilinear elements (R3D4) were used to simulate the impactor, which has impact mass equal to 1.205 kg and final velocity of impact around 3.13 m/s that corresponds to 5.91 J of impact energy.
Regarding the boundary conditions used in the FE model, all translations of the bottom disc were restricted (ux=uy=uz=0), and a prescribed displacement (uz = = 1.57 mm) equivalent to the torque in-situ was used. The impactor displacement was limited to the z-direction, applying ux=uy=0 and uz 0. It highlights that the contact between the discs and the composite plate was simulated by using Coulomb Friction Law. Moreover, the contact between the impactor and plate was simulated, considering the tangential penalty algorithm with friction factor equal to 0.15, and hard contact algorithm for normal behavior.
RESULTS AND DISCUSSION
First, it was performed mesh convergence tests in order to find "the most adequate" one for the simulations. Different tests of mesh convergence with 3600, 6400 and 14400 elements were handle. Although the mesh with 14000 elements has shown the best response, that with 6400 elements was chosen because of the high computational time simulation of 14400.
So, from the 6400 elements mesh it was possible to analyze the behavior of the two composite plates under impact. Figure 3-a) shows the force vs. displacement curves for the laminate 5 the composite material. It is important to noteworthy that matrix rupture and delamination drive failure mechanisms as shown by Tita et al. [14] , and these mechanisms reduce the structure global stiffness. However, the maximum force value provided by the numerical analyses with damage model (3313.39 N) is closer to the maximum experimental force (3217.77 N) than without damage (3470.37 N). Besides, the duration of the impact event was around 4.0 ms for the experimental test, and numerical analysis with damage model predicted 3.7 ms, which was very close to the value provided by FE analysis without damage model (3.6 ms).
In the Figure 3-b) , the FE model simulated about 50% of the absorbed energy by the real structure (2.0 J). It is important to observe that the absorbed energy predicted by the FE model is entire related to matrix damage mechanism, which is shown by the damage parameters d2 and d6. In other hand, from Figure 4-a) , it is observed qualitatively, that the damage variable d2 was activated until the 6 th layer, which is oriented at 90º, while d6 showed a discontinuity in the 7 th layer, but it is verified in 8 th , 9 th and 10 th layers. The damage evolution along the laminate thickness close to the impact point is represented by the Figure 4-b) . At the final of 5.91 J impact event, the damage caused in the matrix due to shear stress in 2 nd and 4 th layers was complete, i.e. d6=1. For the 8 th , 9 th and 10 th layers, the damage is caused by shear stress, and the parameter d6 is respectively equal to 0.0001, 0.08 and 0.18. However, the parameter d2 associated to tensile transversal stress on matrix reaches the maximum in first three layers. It is verified that there is no damage in matrix caused by tensile transversal stress from 7 th until 10 th layers, once the parameter d2 is equal "0"for those layers. In the experimental results, a high frequency oscillation region between 0.0 ms and 1.2 ms can be observed. In this laminate, the main failure mechanisms are matrix rupture and delamination, which reduce the global structural stiffness, as well. FE analysis using the proposed damage model was able to simulate the impact high frequency oscillations from 0.0 ms until 0.25 ms and between 0.75 ms and 1.25 ms. On the other hand, the FE analysis using only the elastic model was able to simulate the oscillations beginning from 0.0 ms until 0.25 ms and the maximum force equal to 3072.81N. However, it is observed that the maximum force simulated by using the damage model was equal to 2847.63 N, which was lower than the force predicted by elastic model. Moreover, in the Figure 5-a) , it is observed that after 2.0 ms, FE analysis with damage model (blue curve) diverges of the experimental curve, while FE analysis with elastic model (red curve) approaches to the experimental result (black curve). This was expected due to the absence of a delamination model to simulate the separation between 0º and 90º layers. From Figure 5 -b), FE analyses with damage model predicted about 50% of the absorbed energy by the cross ply laminate sample, i.e. about 1.98 J. Thus, the absorbed energy predicted by FE analysis was totally related to the matrix damage mechanism. This can be verified in the Figure 6 -a) monitoring the damage parameters d2 and d6. The damage variable d2 was activated from the 1 st layer until the 5 th layer, while for the damage variable d6, the damage is verified not only from the 1 st layer until the 5 th layer, but also in 8 th , 9 th and 10 th layers. By the Figure 6-b) , it is shown the damage evolution along the laminate thickness close to the impact point. The damage caused by the shear stresses in the matrix was relevant as confirmed by the damage parameter d6, which was close to "1" in the first three layers. Moreover, it was verified the damage caused by transversal tensile stresses in the matrix reached the maximum value ("1") only in the 1 st layer. It is observed that from the 6 th layer, there was not damage caused by transversal tensile stress in the matrix, only damage caused by shear stress. And, the values of d6 are 0. 
CONCLUSIONS
A new damage model was applied for simulating impact problems on composite structures. This damage model was implemented as an explicit subroutine (VUMAT) and linked to software ABAQUS TM . Thus, based on the implemented damage model, intra-ply failure mechanisms in carbon-epoxy plates were investigated considering low velocity impact load for two different laminate configurations. Due to the proposed formulation, including damage evolution laws, as well as the strategy for implementation, the FE analyses were performed with a reasonable computational cost and no convergence problems occurred during simulations. Moreover, acceptable results for Force vs. time are showed in the simulation, although delamination phenomenon was not considered in the analyses. The simulation of delamination process requires a much more complicated and complex model, generating numerical issues such as high computational cost and convergence problems.
Therefore, the present computational analyses can provide an alternative way in order to obtain good predictions of Force vs. time graphics with low computational cost, which can help conceptual and preliminary design of composite structures under impact loadings.
